The article considers the successful implementation of relativistic equation-of-motion Further, we have shown the effect of spin-orbit interaction considering the atomic systems. The results of our atomic calculations are compared with the values from the NIST database and the results are found to be very accurate (< 1%).
Introduction
A considerable growing interest is noticed in recent years in the study of negative ions as negative ions have significance in many areas of physics like in astrophysics, plasma physics and surface physics [1, 2, 3, 4] . The electron affinity (EA) is an important quantity of these ions. The precise measurement of EA of atomic or molecular systems is always a challenge as the resulting negative ion is difficult to handle. Despite of the complexity in the measurement, there have been significant advances in the experimental techniques like laser photodetachment electron spectroscopy (LPES), laser photodetachment threshold spectroscopy (LPTS), accelerator mass spectroscopy (AMS) and photodetachment microscopy, et cetera that are capable of precise measurements of EA of an atomic system [5, 6, 7, 8] . However, the situation is inappreciative in achieving such an extent of accuracy in the molecular systems due to the possibility of structural change on attachment of an extra electron. Therefore, it is an outstanding challenge for the computational physicists to complement these atomic measurements as well as for new predictions for the future purpose.
The computational prediction of EA is difficult due to the absence of long-range Coulomb field outside of a neutral precursor. Therefore, an extra electron is solely bound through correlation with other electrons [9, 10] . Moreover, most of the theoretical calculations are based on the quantum chemical basis set methods. Thus, the finite size of the basis and unbalanced treatment of electron correlation in the atomic or molecular system and in the resulting ion are the sources of error [11, 12] . The attachment and detachment of an electron to a neutral species involves different forces. The attached extra electron to the neutral atom polarizes the electronic shell of the atom.
As a result a dipolar electric field is generated which binds the extra electron with the other electrons. The charge distribution of the electron cloud, particularly the electronelectron correlation effects decides the stability of the negative ion. These interactions do not play much role in most of the neutral atoms as well as in positive ions where direct electrostatic force is the dominant factor for the stability of the neutral atom or the positive ion. On the other hand, these effects dominate in the negative ions. Therefore, the calculations of EA values of both atomic and molecular systems are challenging and is a real test for the performance of a many-body method. It is an established fact that not only the electron correlation but also the effect of relativity play a definite role in accurate description of the eigenstates of heavy atomic and molecular systems [13] .
It is, therefore, in such a case a highly correlated many-body method, capable of simultaneous treatment of relativity and electron correlation is required due to the intricate coupling between these two effects [14, 15, 16] .
The relativity has a greater role towards the core orbitals and practically important for all the elements. The effects of relativity are incorporated in the electronic structure calculations by the choice of the Hamiltonian. The consideration of Dirac-CoulombBreit Hamiltonian without the quantum electrodynamics effects (QED) is sufficient for most of the relativistic electronic structure calculations using four-component wavefunction. However, in actual practice the Dirac-Coulomb Hamiltonain is most commonly used where two-body Coulomb interaction operator is added to the Dirac Hamiltonian (Ĥ D ). Although, the form of the Coulomb operator is same as in the nonrelativistic theory, however, the physical content is different as it takes care of the spin-same orbit interaction. This type of truncation in the two-body interaction does not effect much for most of the chemical purposes [17] . However, for very accurate studies of molecular spectra including fine structure, the inclusion of spin-other-orbit interaction and spin-spin interaction are required which can be done with the full inclusion of the Breit part of the two-body interaction. The relativistic calculations using four-component wave function are very expensive from the computational perspective. A lot of effort has been made to simplify the equations. The calculation of the small component of the wave function is the most challenging part of the computation.
If a basis set is expressed in terms of contracted Gaussian functions, then the number of required primitive Gaussian functions for the small component is about twice the number of the large component with the imposition of the kinetic balance condition. On the other hand, the small component has a very minor contribution in the calculated values; therefore, it makes sense to look for an approximation. There are a number of Hamiltonians in between the scalar non-relativistic and four-component relativistic ones. However, the inclusion of the spin-orbit interaction requires at least a two-component description, though it will essentially increase the computational cost due to the appearance of complex algebra in place of real algebra. The electron correlation methods in the no-pair approximation require the transformation of the matrices from the atomic orbital (AO) basis to the molecular orbital (MO) basis. The spin coordinates of the electrons can be represented in terms of quaternion algebra in the four-index transformation step which helps to go from complex four-component to a two-component quaternion form. Therefore, the MO coefficients become quaternion and can be represented in terms of real matrices [18, 19] . can be shown to be equivalent [20] . The exact two-component approach (X2C) in the two-component framework is one such approach to reduce the computational scaling which uses elimination of the small component from the parent four-component Hamiltonian. The detailed description of the X2C approach including various other two-component methods can be found in Ref. [13, 21, 22] .
Over the years, the equation-of-motion coupled-cluster (EOMCC) method gained popularity among correlation methods for the treatment of electron correlation due to its simplicity and elegance. The idea of EOMCC [23, 24, 25, 26, 27, 28, 29, 30, 31] is conceptually very simple and it is operationally a two step process: (i) solution of coupled cluster problem with the N electron closed-shell determinant as reference and (ii) construction and diagonalization of the effective Hamiltonian matrix for the Fock-space sector of interest in the configuration space. It takes into account of both the dynamic and non dynamic part of the electron correlation. The exponential structure of the coupled cluster operator takes care of the dynamic part of the electron correlation and non dynamic part is included by means of diagonalization of the effective Hamiltonian matrix in the configurational space. The diagonalization of effective Hamiltonian, by and large is associated with the multi-reference theories, whereas EOMCC works within a single reference description to tackle the complex multi-configurational wavefunction.
Further, the relaxation effect, which has an important role in proper description of the eigenstates is also taken care. The multiple roots can be addressed in a single calculation and each of the states are treated with equal weightage. The EOMCC method behaves properly at the non-interacting limit but not rigorously extensive (only for the core-core and core-valence interactions) due to the linear structure of the EOM operator [32] . The EOMCC is in close kinship with the coupled cluster linear response theory (CCLRT) [33, 34] and symmetry adapted cluster expansion configuration interaction (SAC-CI) method [35, 36] . It is worth to note that the transition energy calculated using CCLRT is identical with the EOMCC method for the one valence problem but the transition moments is identical only when it is represented as a energy derivative in EOMCC framework. Chaudhuri et al [37, 38] Recently, Blundell implemented relativistic EOMCC method for the electron affinity problem and applied to calculate fine-structure splittings in high-lying states of rubidium atom [49] . The implemented version of Blundell is applicable only for the purpose of atomic calculations as they have used the spherical implementation which allows the separation of radial and angular parts. Therefore, the evaluation of radial in-tegrals is only required and the angular part will add up to it as a multiplier. The radial integrals can be evaluated numerically. Such a separation is not possible in molecular systems due to the absence of spherical symmetry. In our implemented version, we have used the one-and two-body matrix elements, which are evaluated in the Cartesian coordinate system. The Cartesian coordinate system does not allow one to exploit the spherical symmetry to separate the matrix elements into radial and angular parts.
Furthermore, the anti-symmetrized two-body matrix elements are used in this coordinate system calculations, which is not possible in the spherical implementations as angular factor will be different for the direct and exchange part of the two body matrix element. Thus, our implemented version is a general one, applicable to both atoms as well as molecules starting from their closed-shell reference state configuration. It should be noted that the spherical implementation is much more complex than that of the molecular calculations, but it is favorable from the computational point of view as it requires only the solution of radial integrals. Therefore, atomic calculations are computationally easy, which allows to correlate more number of electrons and amenable to use huge basis for the correlation calculation to achieve a better accuracy.
In our recent work, the performance of the fully four-component EOMCC has already been established for both atomic and molecular systems for the single ionization and double ionization problem [50, 51, 52] . Therefore, in this article, we focus on the implementation of relativistic EOMCC method for the electron affinity problem applicable to both atomic and molecular systems. The implemented EA-EOMCC method is employed to calculate ionization potential of open-shell atomic systems starting from their singly positive closed-shell configuration. Further, the vertical EA values of molecular systems are also calculated. Both four-component and exact two component (X2C) calculations are done for all the considered systems. The effect of spin-orbit interaction is shown for the atomic systems in the EOMCC framework.
The manuscript is organized as follows. The EOMCC theory in regard to the electron attachment problem is briefly described in Sec. 2 and the computational details of our calculations are presented in Sec. 3. We have discussed our results in Sec. 4 and finally made concluding remarks in Sec. 5. We are consistent with the atomic unit if not stated explicitly.
Theory
In the EOMCC method the k th target excited state of single electron attached state is defined as
Here, the R 
The R 1 and R 2 operator are diagrammatically represented in Fig. 1 . The R 1 is a one particle (1p) creation operator and R 2 is a two-particle and one-hole (2p-1h) creation operator. The circled arrow is just to represent that overall it is a one electron attachment process. The Schrödinger equation for the ground state (k=0) is
The electron attached states (k=1,2,. . .) is written as
The above equation on multiplication with a non-singular operator e −T (where T is the coupled cluster excitation operator) in the course it is assumed that R k commute with T (as strings of same quasi-particle creation operator) with some mathematical manipulation leads to equation of motion with respect to the R k operator,
In the above equation, ∆E k is the energy change associated with the electron attachment process andH N = e −T He T − Φ 0 |e −T He T |Φ 0 is the similarity transformed normal ordered effective Hamiltonian. In our case it is the Dirac-Coulomb Hamiltonian, which is given bŷ
where α i and β are the usual Dirac matrices, V iA is the nuclear potential and 
In Figs 
Computational Details
The DIRAC program package [56, 57] condition. The RKB condition represents the kinetic energy properly in the non relativistic limit and avoids the variational collapse [58] . This is achieved by pre-projecting in scalar basis and unphysical solutions are removed by diagonalizing the free particle
Hamiltonian. The RKB condition generates the positronic solution and electronic solution in 1:1 manner. The DIRAC program package uses Gaussian distribution nuclear model to take care of the finite size of the nucleus. The used nuclear parameters are taken as default values from DIRAC package [59] . We adopted aug-cc-pCVQZ basis for Li + [60] and Na + [61] atom and all the generated orbitals are taken into consideration for the correlation calculations. Dyall.cv4z [62] basis is opted for K + and Rb + .
We have neglected the virtual orbitals those energy is more than 500 a.u. for the K + and Rb + atom. The Cs + and Fr + are calculated using dyall.cv3z basis [62] . The cutoff used for Cs + atom is 1000 a.u. whereas for Fr + atom, we have taken the orbitals having energy in between −25 a.u. to 100 a.u. in our correlation calculations. In the molecular calculations of LiF, LiCl, LiBr, we have chosen aug-cc-pCVTZ basis for Li atom [60] and cutoff of 100 a.u. for the virtual orbitals. The calculations of F and Cl are done using aug-cc-pCVQZ [60, 61] basis and for Br, dyall.cv4z [64] basis is used.
In LiH we have chosen aug-cc-pCVQZ basis [60] for Li and aug-cc-pVTZ [60] for the H atom and none of the electrons are frozen for the correlation calculations. Aug-ccpCVTZ basis is opted for both Na [61] and Cl [65] in the calculations of NaCl and a cutoff of 100 a.u. is used for the virtual orbitals. The single particle orbitals and twobody matrix elements are generated by taking account of C 2v symmetry. Both X2C
and four-component calculations of Rb and LiBr are done with the DIRAC14 version and rest of the calculations are done using DIRAC10. The implemented version of X2C SCF [66] in DIRAC10 is capable of taking up to g harmonics but the opted basis for all the considered system, independent of the choice of basis set.
Results and discussion
We have reserved this section of our manuscript to present numerical results of our calculations and to interpret the outcome of these calculations. The four-component and exact two component (X2C) EOMCC calculations are performed for all the considered atomic and molecular systems starting from their closed-shell configuration.
In Tables 1 and 2 , we present numerical results of our SCF and correlation energy from MBPT(2) and CCSD calculation of singly positive alkali metal atomic systems (Li + , Na + , K + , Rb + , Cs + , Fr + ) and molecular systems (LiX (X=H, F, Cl, Br) and NaY (Y=H, F, Cl)) in their closed-shell configuration. The bond length of the molecular systems is also compiled in Table 2 . For atomic systems (Table 1) , we noticed that the difference between MBPT(2) and CCSD correlation energies for both X2C and four component calculation keep on increasing as we go down the group. This trend is expected as the effect of correlation increases as the number of electron in the system increases. We have done a series of calculations to understand how the electron affinity value changes with the nature of basis set and cutoff in the orbital energies can be used without losing considerable amount of accuracy as EOMCC calculations for the EA problem are computationally costly. We have chosen C 2 as an example system for which experimental vertical EA value is reported in the literature. We have started our calculation with cc-pVDZ, which is a very small basis as it generates only 88 spinor for the beyond SCF calculations using a cutoff of 100 a.u. for the virtual orbitals. A few more calculations are also done by improving the nature of the basis functions.
The EA value as well as the number of generated spinor in different basis are tabulated in Table 3 . We have taken 1.243Å as bond length for the C 2 molecule, which is the experimentally reported bond length [55] . The reported experimental value is 3.30±0.1 eV [63] , whereas our calculation yields 3.3840 eV for aug-cc-pCVQZ basis with a cutoff of 100 a.u. in the virtual orbital energy. On the other hand, without using any cut off, the result is 3.3853 eV. Therefore, a cutoff of 100 a.u. for virtual orbital energies and similar basis set can be used without loosing much accuracy for all other calculations to achieve a good agreement with the experiment. It will save enormous computational time without losing a significant amount of accuracy as contribution from the high energy virtual orbitals is very less in the correlation calculations. The reported experimental uncertainty is in the first digit after the decimal point. Therefore, it is hard to comment on the accuracy of our calculated results. It can be said that our results are also spanning same range starting from a reasonable basis. In Table   4 , we report the calculated ionization potential values of atomic systems using both We have calculated electron attachment energy to the p 1/2 and p 3/2 orbitals of the atomic systems in the X2C and four-component EOMCC framework and presented as a relative energy difference with respect to the 2 S states. These results are compared with the values from NIST database and presented in the Table 5 . The results of our calculations are found to be very accurate with respect to the NIST values. It is interesting to note that the energy gap between the p 1/2 and p 3/2 is negligible for the Li atom but it keeps on increasing as the system size become havier. This can be explained by the fact that the effect of relativity increases with the increase in atomic number and thus, the spin-orbit coupling plays a significant role in heavier systems.
In Table 6 , we present the results of our calculations of vertical EA of molecular systems using both X2C EA-EOMCC and four-component EA-EOMCC method. Further, we have compared our result with the theoretical results calculated by Gutsev et al [68] . They also employed EA-EOMCC method for correlation treatment to calculate the vertical EA values of the molecular systems. In their calculation, Gutsev et al misses the effect of relativity, which is included in our calculation in its four-component formalism. We have achieved a nice agreement for the atomic results and also for the vertical EA value of C 2 molecule. Therefore, it can be said that our calculated results for the molecular systems are also quite accurate though there is no reliable experimen-tal data or any other values calculated using any variant of relativistic coupled cluster theory to compare with. However, the accuracy of the molecular calculations will not be that much accurate as compared to the atomic results. The reason behind this is due to the possibility of structural change on attachment of an extra electron to the neutral molecule depending on the polarity of the molecule.
Conclusion
The relativistic EOMCC method for the electron attachment problem applicable to both atomic and molecular systems is successfully implemented. To test the performance of the EA-EOMCC method, we applied to calculate ionization potential values of alkali metal atoms starting from closed-shell configuration. We have compared our calculated ionization potential values with the values from NIST database. We are successful in achieving less than 1% agreement with the NIST values. We have also presented molecular EA values of LiX (X=H, F, Cl, Br) and NaY (Y=H, F, Cl) using our relativistic EOMCC methods.
